The interaction of gonadotropin-releasing hormone (GNRH) and its receptor (GNRHR) is critical in the endocrine regulation of reproduction. The gene (GNRHR) encoding the receptor has been mapped to porcine chromosome 8. There is evidence for three quantitative trait loci (QTL) influencing ovulation rate on this chromosome. We obtained an almost complete sequence (3993 bp, excluding intron 1) of the porcine GNRHR gene using PCR-based comparative genomic walking and inverse genomic walking approaches. Twelve polymorphisms were detected by sequencing of pooled DNA of Chinese Taihu and European Large White pigs, including 7 base substitutions and 5 insertions-deletions (indels). A F 2 population of Meishan × European Large White pigs was genotyped for a TG indel in the promoter region, and a C/G substitution in the 3′ UTR (untranslated region). A significant association of the C/G substitution with number of corpora lutea at first parity was observed.
Introduction
Sow prolificacy is a critical factor affecting the profitability of the swine industry. Although there have been large increases in productivity attributable to genetic and management improvement, litter size at birth has remained almost constant for many years. Heritabilities estimated for most measures of sow prolificacy are low, ranging from 0.10 to 0.15, 0.09 to 0.14, and 0.06 to 0.08 for the number of pigs born, number of pigs born alive, and number of weaned pigs, respectively (Roehe and Kennedy 1995) . Genetic improvement has been difficult to achieve using traditional selection methods. There are, however, large differences in litter size (range 5-15 piglets) and embryo mortality (range 15-40%) between breeds (Legault 1985) . The Chinese Taihu pig breeds produce 4 to 5 piglets more per litter than commercial European and American pigs (Haley and Lee 1993) . The introduction of alleles for the high prolificacy of Taihu pigs into highly productive European-American breeds would have obvious commercial value.
Hypothalamic gonadotropin releasing hormone (GNRH) plays a key role in reproduction through its regulation of gonadotropin secretion (Freeman 1994) . This action of GNRH is mediated through high-affinity receptors present in the cell membranes of gonadotropes. For example, ovulation in mammals is dependent upon a LH (luteinizing hormone) surge that results from both an increase in GNRH secretion and an increase in pituitary concentration of GNRH receptors (GNRHR, Wise et al. 1984) . Thus, GNRHR is a physiological candidate gene for reproductive traits. The porcine GNRHR gene has been mapped to chromosome 8 q1.1-q1.2 (Rohrer 1999) . Three quantitative trait loci (QTL) influencing ovulation rate have been mapped to chromosome 8, one at the q-telomeric end (Rathje et al. 1997) , one at the p-telomeric end , and one near the centromere between SW933 and SW444 (Wilkie et al. 1999) . Although GNRHR is unlikely as a positional candidate gene for the first two QTL, the limitations in the resolution of QTL mapping mean it remains a candidate gene for the last QTL. Thus, GNRHR is both a positional and physiological candidate for genes influencing ovulation rate in pigs. We therefore determined the genomic organization of the porcine GNRHR gene using PCR-based approaches, and examined associations of polymorphisms in this gene with prolificacy in a F 2 population of Meishan × European Large White pigs.
Materials and methods

Genomic walking and genetic polymorphisms
Primer sequences for comparative walking and inverse walking are listed in Table 1 . Genomic DNA (~50 ng) was amplified in a final volume of 10 µL containing 3 pmol of each primer, 200 nM dNTPs, 2.5 mM MgCl 2 , 50 mM KCI, 10 mM Tris-HCI, 0.1% Triton-X 100 and 0.5 U Taq polymerase. After denaturation at 94°C for 3 min, 30 amplification cycles were performed comprising denaturation at 94°C for 30 s, annealing at 57°C for 30 s, and extension at 72°C for 30 s, followed by a further 5-min extension at 72°C. Direct sequencing of PCR products from 2 pooled DNA samples of 16 Chinese Erhualian and 16 European Large White pigs was performed using an ABI 377 automatic sequencer (Applied Biosystems, Foster City, Calif.) and standard protocols. Additional porcine-specific primers were designed to confirm sequencing of fragments amplified with comparative primers or for extending sequencing of large fragments amplified by PCR (Table 1).
Bi-PASA genotyping
Primers were designed for Bi-PASA (bidirectional PCR amplification of specific alleles) genotyping (Liu et al. 1997 ) of polymorphisms for a TG insertion-deletion (indel) in the promoter region and a C/G substitution in the 3′ UTR (untranslated region, Table 1 ). Bi-PASA assay was performed on 340 pigs from a 3-generation (F 0 , F 1 , F 2 ) Meishan × European Large White cross, created specifically to allow mapping of genes for sow productivity. PCRs were performed as described as above, except that 3 pmol of each inner primer was added. The PCR conditions were as follows: 94°C for 3 min, 8 cycles of touchdown with 94°C for 30 s, 65-58°C (down 1°C per cycle) for 30 s, and 72°C for 30 s; and 27 cycles of 94°C for 30 s, 57°C for 30 s, and 72°C for 30 s, followed by a further 5-min extension at 72°C. PCR products were then examined by electrophoresis on 1.5% agarose gel with 1× TBE buffer. The gels were stained with ethidium bromide and photographed.
Marker-trait association analysis
Estimates of the effect of polymorphism on sow reproduction traits were obtained by fitting a linear model, including genotypes at the two positions described above, year as fixed effects, and, for all traits except age at first mating, linear covariates for age at first mating, weight at laparoscopy or age at farrowing, using the GLM (general linear model) procedure of SAS (SAS Institute Inc., Cary, N.C.). Traits analyzed were age at first mating (AFM), number of corpora lutea observed by laparoscopy (NCL), gestation length (GL), number born (NB), and number born alive (NBA). All traits except AFM were recorded at 1st and 2nd parity, with records at the two parities being considered as separate traits, denoted NCL1, NCL2, GL1, GL2, etc. We also used a mixed model approach, allowing for additive genetic relationships among all animals, using the VCE (variance component estimation) program (Groeneveld 1994) to account for polygenic effects. The fixed effects and covariates were as fitted previously, and results were similar to the LS (least squares) analyses, which are presented here.
Results
Genomic characterization of porcine GNRHR gene
A comparative walking strategy using cDNA sequence from pigs (Weesner and Matteri 1994) and partial genomic sequences from humans (Kakar 1997) , sheep (Campion et al. 1996) , and rats (Reinhart et al. 1997 ) was used to obtain two fragments for the 5′ UTR, one for the exon 1 -intron 1 junction, and one for the 3′ UTR of the porcine GNRHR gene. Comparative walking involves one primer designed from the porcine sequence and a second primer designed from sequences conserved between humans and sheep or between humans and rats. The entire intron 2 was amplified by primers residing on exon 2 and exon 3, based on the porcine cDNA sequence reported by Weesner and Matteri (1994) . The lower sequence identity among human, sheep, and rat led to a failure of amplification for the exon 2 -intron 1 junction using the comparative walking strategy. This region was sequenced, however, using a modified inverse walking strategy (Lachaume et al. 1998 ) based on digestion with StyI. The sequence data have been logged in GenBank (Acc. Nos. AF227685 and AF227686). The overall structure of the porcine GNRHR gene was determined by comparing the genomic sequence with the cDNA sequence (Weesner and Matteri 1994) .
The organization of the porcine GNRHR gene, with the coding sequence divided among three exons is the same as the human, ovine, and rat GNRHR genes. Although we obtained 180 and 257 bp of the sequence of intron 1 for the exon1 -intron 1 junction and the exon 2 -intron 1 junction, respectively, the size of intron 1 remains unknown. Intron 2 is 906 bp, and the sequence obtained for the 3′ UTR is 510 bp (Acc. No. AF227686).
Analysis of the 5′ flanking region revealed the presence of three putative TATA boxes (TATAAA) and seven putative CAAT boxes residing in close proximity to one another in two regions. The first region is located at 193-447 bp, containing one TATA box and 6 CAAT boxes. The second region from 999-1092 bp contains two TATA boxes and one CAAT box. The nearest TATA box and CAAT box are separated from the coding start site by only 122 bp and 65 bp, respectively (Acc. No. AF227685).
Detection and characterization of genetic polymorphisms
Direct sequencing of PCR products amplified from pooled DNA samples of Chinese Erhualian and European Large White pigs revealed 7 base substitutions and 5 indels in the porcine GNRHR gene. The polymorphisms detected in 5′ UTR and intron 1 are a G/T substitution at position 310, C/T at 593, A/G at 1756, and TG indel at position 919-920, respectively (Acc. No. AF227685). Those found in intron 2 and 3′ UTR include a C/T substitution at 661, G/T at 755, C/G at 1721, and A/T at 1992, and GATT indel at 598-601, TAGTGCTGTGA at 771-781, T at 1816, and ATA at 2063-2065, respectively (Acc. No. AF227686). In this study, there is approximately one polymorphism for every 330 bp.
The polymorphisms chosen for the association study were two of several that showed what appeared to be large differ- three-generation families ( Figs. 1 and 2 ). For the TG indel marker, the homozygous animals with insertion (allele 1) and deletion (allele 2) showed allele-specific fragments of 432 and 285 bp, respectively (Fig. 1) . For the C/G substitution marker, homozygotes for G (allele 1) and C (allele 2) yielded the allele-specific bands with 514 and 363 bp, respectively (Fig. 2) . Each Bi-PASA genotyping reaction generated a common band from the outer primers. All heterozygotes showed both allele-specific fragments (Figs. 1 and 2).
Effects of GNRHR markers on prolificacy in swine
Initial analyses showed that only weight at laparoscopy was a statistically significant covariate, and all other covariates were omitted. Year had no significant effect on traits at second parity and the variable was omitted from the model for these traits. With the reduced model, genotype at position 1721 had a highly significant effect on number of corpora lutea at first parity (Type III F = 5.54, P = 0.0046). No other effect of genotype at either position approached statistical significance (P > 0.1). Fitted effects (Table 2) indicate that the allele of G at position 1721 most common in Meishan was associated with increased number of corpora lutea. The effects of this allele appeared to be carried through to number born at first parity and number of corpora lutea, but not number born at second parity. Lack of statistical significance and high standard errors of these effects make interpretation of correlated associations difficult. One interesting observation was that the type III F value for effect of polymorphism at 919-920 on NCL1 increased from 0.0 to 2.4 when genotype at 1721 was added to the model. The corresponding P value decreased from 0.99 to 0.10. When the effect at 919-920 was dropped from the model, the fitted effect of genotypes 1/1 and 1/2 at 3575 on NCL1 were 1.28 and 1.91, with a corresponding P = 0.06, compared to a P value of 0.006 when the effect at 919-920 was included. This syner- Fig. 1 . Segregation of a TG indel at promoter region of the porcine GNRHR gene in a three-generation European Large White (LW) / Meishan (MS) pedigree. Lanes 1, 9, and 13: homozygous animals with allele 1, 673 + 432 bp; lanes 2, 5, and 8: homozygous animals with allele 2, 673 + 285 bp; and lanes 3, 4, 6, 7, 10, 11, and 12: heterozygous animals with both alleles, 673 + 432 + 285 bp. Lane 14 is 100-bp ladder marker. gistic effect of adding the effect at 919-920 to the model suggests, but certainly does not prove, that specific haplotypes of the GNRHR region may be more directly associated with NCL1 than are either of the two polymorphisms considered here independently.
Discussion
Although the divergence of the various mammalian lineages occurred approximately 70 million years ago, all mammals have a highly conserved genome size and presumably share most of their 70 000 -100 000 genes. There is a high degree of conservation of sequence between homologous genes and genome organization across species. These features have allowed the development of reagents for mammalian comparative gene mapping (Venta et al. 1996; Lyons et al. 1997; Jiang et al. 1998 ) and amplification of homologous gene products in different species (Grompe et al. 1992; Mai et al. 1994; Levin et al. 1996) . In this study, we found that highly conserved regions occurred in introns and the 5′ and 3′ UTR when we compared the genomic sequences of human, sheep, and rat GNRHR genes. Comparisons of the exon 1 -intron 1 junction genomic sequences between human (Kakar 1997) and rat (Reinhart et al. 1997) , and the 3′ UTR between human and sheep (Campion et al. 1996) revealed conserved sequences of sufficient length for deriving primers that successfully amplified porcine GNRHR gene products when combined with porcine-specific primers derived from porcine cDNA sequences. The length and numbers of conserved regions in the 5′ UTR and exon 2 -intron 1 junction in any humans, rats, and sheep were too limited to derive primers. A relatively new strategy for deriving a primer used in this study was to add a GC tail to a conserved sequence of 13-15 bases. These GC-tailed primers switch from low-efficiency to high-efficiency amplification when genomic DNA is replaced by previously amplified template DNA (Liu et al. 1997) . Among the three primers designed here, two worked very well when combined with porcinespecific primers. One primer failed because, as we subsequently discovered, the conserved sequence between human and rat in the exon 2 -intron 1 junction is not conserved in the porcine sequence. This combination of comparative genomic walking plus inverse walking is a useful tool for obtaining the genomic sequences of homologous gene in different species without genomic cloning.
Multiple TATA boxes (TATAAA) and CAAT boxes in the porcine GNRHR gene are also present in the 5′ flanking region of the human GNRHR gene (Kakar 1997; GenBank Acc. No. AF001950) . The significance of these multiple TATA boxes and CAAT boxes in the GNRHR genes of both species is not known, but raises the possibility of tissuespecific regulation and the existence of variable size transcripts. Kakar (1997) identified 18 transcriptional start sites in the 5′ flanking region of the human GNRHR gene. Albarracin et al. (1994) identified four transcriptional start sites in the 5′ flanking region of the mouse GNRHR gene. The 1.2-kb 5′ flanking sequence of the porcine GNRHR gene contains potential TRE (thyroid hormone response elements), PAE-3 (polyomavirus enhancer activator 3) binding, and GRE/PRE (glucocorticoid/progesterone repsonse element) sites. TRE have been reported to regulate growth hormone gene transcription by thyroid hormone (Ye et al. 1988) . The presence of GRE/PRE-like sequence suggests the transcriptional regulation of the GNRHR gene by cAMP and glucocorticoid or progesterone. PAE-3 binding sites have been reported to function as phorbol ester response elements in some genes (Xin et al. 1992) .
None of the polymorphisms within the GNRHR gene revealed in this study result in changes in the sequence of the GNRH receptor. However, the polymorphisms could influence the expression of the GNRHR gene or the stability of the GNRHR transcript. The genetic variants examined in the association study included an indel polymorphism in the 5′ flanking region / promoter and a C/G substitution in the 3′ untranslated region. The former could have an impact on expression while the latter could have an influence on mRNA stability.
Subsequent to the start of this study, Rohrer (1999) located the porcine GNRHR gene to porcine chromosome 8 q1.1-q1.2, coincident with markers S0069 and S0086. This effectively eliminates GNRHR as a candidate for the putative QTL for ovulation rate located close to SW790 by Rathje et al. (1997) . It also makes GNRHR an unlikely candidate for the putative ovulation rate QTL at the telomeric end of the short arm reported by Rohrer et al. (1999) . GNRHR probably maps from 0-15 cM from SW444, and it cannot be ruled out as a candidate for the QTL influencing number of corpora lutea reported by Wilkie et al. (1999) to lie between SW933 and SW444. More generally, the present study provides evidence to support a QTL for number of corpora lutea located close to the centromere of porcine chromosome 8.
QTL mapping analyses in diverse crosses, as exemplified by the Yorkshire White × Meishan experiment described by Note: Model includes WAL1 as linear covariates for 1st and 2nd parity traits, respectively. AFM, age at first mating (days); NCL, number of corpora lutea: GL, gestation length (days); NB, number born; NBA, number born alive; and WAL, weight at laparoscopy; 1 and 2 indicate 1st and 2nd parity. Table 2 . Fitted effects of GNRHR genotypes expressed as deviations from the 2/2 homozygote, along with number of observations and type III probabilities of significance. Wilkie et al. (1999) , frequently assume that the founder breeds are fixed for alternative alleles at the QTL. Such analyses could underestimate or fail to detect the influence of trait genes that are segregating in one or both founder breeds. Studies in which genetic variation in physiological candidate genes are tested for associations with the trait of interest can reveal the influence of trait genes that may be missed in QTL studies. Further examination of the GNRHR gene, and more generally pig chromosome 8 in the genetic control of reproduction in pigs is warranted.
